One of the most intriguing and important scientific questions of the last couple of centuries has been: What is the biological foundation for our ability to think? Though the question is not yet answered fully, we have accumulated a vast amount of detailed information on the topic. Central to our current understanding is the neuron doctrine (His, 1886; Nansen, 1886; Forel, 1887; Waldeyer, 1891) , entailing in its established form that information does not flow freely in the brain through a syncytium of cells, but rather, that it is passed on, from one distinct cell to the next, through points of inter-neuronal contact called synapses (Sherrington, 1897) . The chemical nature of signal transmission from nerve cells was first established in the autonomous nervous system (Loewi, 1921; Dale, 1934) . Later, Katz described the quantal nature of chemical transmission, leading to the hypothesis that the chemical transmitter was released from vesicles in the nerve endings (Del Castillo and Katz, 1954) . Independently, such vesicles were anatomically demonstrated in parallel with Katz' physiological work (De Robertis and Bennett, 1955; Palay, 1956) . From around 1970, a series of electron microscopic studies by John Heuser gave final proof of the vesicular nature of synaptic transmitter release (Heuser, 1989) . However, 20 years later, the molecular link between the eletrophysiological events in the axon terminal and the vesicular release of the chemical transmitter, was still unresolved.
A series of impressive molecular biological and biochemical studies throughout the 1990s by Richard Scheller, James Rothman, and Thomas Südhof, then at Stanford, Sloan Kettering, and University of Texas, respectively, established the SNARE (soluble N-ethylmaleimidesensitive factor attachment protein receptor) hypothesis and unraveled the basics of the molecular machinery and protein interactions serving to execute and tightly regulate the vesicle exocytosis of neurotransmitter in brain synapses. Except for a landmark paper in Cell in 1993 by Scheller and Rothman (Söllner et al., 1993a ) and a review in Science in 2009 (Südhof and Rothman, 2009) , the three researchers have not collaborated, but still their scientific paths have often intertwined closely, both in competition and in reciprocal stimulation. They have had considerable impact on our understanding of a host of proteins serving to regulate vesicle and synaptic functions, for example, rab proteins, rab3a-interacting molecule (RIM), neuronal Sec1/ murine18a (nSec1/Munc18), complexins, the exocyst, coatomers, tomosyn, synuclein, and ADP-ribosylation factor (ARF); in the present review, however, we will focus on the SNARE complex and its interacting partner synaptotagmin.
ROTHMAN DISCOVERS CYTOSOLIC PROTEINS NECESSARY FOR MEMBRANE FUSION
Rothman was not a neuroscientist by training, but a biochemist with a great interest in intracellular transport between organelles. The general cell biological questions that captivated his interest were as made for synaptic studies. The question of which molecular mechanisms serve to attach a transport vesicle to the next organelle and not to one that is too early or too late in the vesicle transport pathway was precisely one that would prove effective in elucidating the mechanisms of synaptic vesicular release. In 1988, Rothman and his co-workers purified what would later prove to be a key player also in synaptic vesicle membrane fusion: N-ethylmaleimide-sensitive protein (NSF), a tetramer of 75 kDa . They observed that uncoated transport vesicles accumulated when NSF was withheld from incubation of Golgi stacks with cytosol and ATP, indicating that NSF is needed for membrane fusion (Malhotra et al., 1988) . A year later, Rothman discovered two other components that together bind NSF to Golgi membranes: an integral, heat sensitive membrane receptor; and a cytosolic factor, which they coined soluble NSF attachment protein (SNAP) (Weidman et al., 1989) . Rothman concluded that these new factors, while allowing NSF to bind to the membrane, are also part of the fusion machinery.
While the original description of NSF related it to the Golgi organelle, Rothman subsequently suggested that NSF is a general component of the membrane fusion machinery at multiple stages of the secretory pathway. He used monoclonal antibodies against NSF to inhibit transport between endoplasmic reticulum and the Golgi stack in semi-intact cells. Addition of highly purified NSF restored this transport process (Beckers et al., 1989) . Rothman then cloned and sequenced the NSF gene from Chinese hamster ovary cells. He compared this gene with the SEC 18 gene product of the yeast Saccharomyces cerevisiae, known to be essential for vesicle-mediated transport from the endoplasmatic reticulum to the Golgi apparatus. The two proteins were equivalent, suggesting that the mechanism of vesicular fusion is highly conserved, both between species and at different stages of transport . The following year, Rothman's group purified three new and likely components of the membrane fusion machinery, termed alpha-SNAP, beta-SNAP, and gamma-SNAP (Clary et al., 1990) .
A couple of years later, Rothman demonstrated a direct interaction between NSF, SNAPs, and an unknown integral membrane component in a detergent solubilized system . NSF only bound to SNAPs in the presence of the integral receptor. Binding between these three components resulted in the formation of a multisubunit protein complex, which he called the 20S complex. This complex was able to disassemble in a process coupled to the hydrolysis of ATP. Later the same year he reported the existence of distinct alpha/beta-SNAP binding sites in Golgi membranes that appear to be part of the same receptor complex . They identified an integral membrane protein of between 30 and 40 kDa to serve as an alpha-SNAP binding component of the multi-SNAP receptor complex. SNAPs would be activated to serve as adaptors for the targeting of NSF, by binding to a multi-SNAP-membrane complex. Cycles of assembly and disassembly could help confer specificity to the generalized NSF-dependent fusion apparatus. However, these articles still gave no hint that the authors grasped the possibility that the proteins could play a crucial role in synaptic transmission.
SCHELLER AND SÜDHOF SINGLE OUT SYNAPTIC VESICLE MEMBRANE PROTEINS ESSENTIAL FOR NEUROTRANSMITTER RELEASE
In parallel with Rothmans groundbreaking research, Scheller and Südhof (the latter often in collaboration with Reinhardt Jahn) characterized most of the membrane proteins that would prove to be crucial for understanding the membrane fusion machinery.
VAMP/synaptobrevin
In June 1988, Scheller reported that his laboratory had used a polyclonal antibody raised against purified cholinergic synaptic vesicles from Torpedo and discovered what he called vesicle-associated membrane protein 1 (VAMP-1) (Trimble et al., 1988) . At this early stage, he suggested that VAMP-1 plays an important role in packaging, transport and release of neurotransmitters. Eleven months later, Südhof cloned the same protein, or homolog, from mammalian synaptic vesicles, calling it synaptobrevin. He also showed that it was conserved in a third species: Drosophila (Südhof et al., 1989) . He concluded that VAMP-1/synaptobrevin is conserved from mammals to Drosophila and plays a central role in neurotransmission. In July 1989, Scheller published his second paper on VAMP, using the Torpedo gene to isolate two independent classes of VAMP cDNA clones from rat brain (Elferink et al., 1989) . Expressions of both VAMP transcripts were differentially expressed in the rat central nervous system. VAMP-1 was expressed at a higher level in the spinal cord, while VAMP-2 was highly expressed in the whole brain. In 1990, he followed up these data and investigated the expression patterns of the two isoforms in the brain. VAMP-1 expression was localized to a limited number of brain nuclei, primarily those involved in modulating somatomotor functions. VAMP-2 expression was more ubiquitous (Trimble et al., 1990) .
But still, the specific function of these vesicle-associated proteins was far from clear. An important discovery was made by Montecoccu's laboratory at Padua University and published in Nature in 1992. Tetanus and botulinum toxins serotype B cleaved rat VAMP-2/synaptobrevin-2, while VAMP-1/synaptobrevin-1 was unaffected. Protease activity was localized on the light chain. However, by using peptides containing the VAMP-2/synaptobrevin-2 cleavage site, the blocking of neurotransmitter release of Aplysia neurons injected with tetanus toxin or botulinum toxins serotype B was substantially delayed (Schiavo et al., 1992) . Tetanus and botulinum B neurotoxins blocked neurotransmitter release by cleaving VAMP-2/synaptobrevin-2, thus pointing to their role in synaptic vesicle exocytosis.
Only 2 months later, however, Südhof, in collaboration with Reinhard Jahn, published results corresponding to those of Montecoccu. The blockade of neurotransmission by tetanus toxin was associated with selective proteolysis of VAMP/synaptobrevin. No other proteins appeared to be affected by tetanus toxin (Link et al., 1992) . Cleavage of VAMP/synaptobrevin, then, was the molecular mechanism of tetanus toxin action.
Südhof soon identified the VAMP-2 homologue cellubrevin. Also this protein was proteolysed by the tetanus toxin light chain. However, in contrast to VAMP-1 and -2, it was present in all cells and tissues he tested (McMahon et al., 1993) . Cellubrevin was a membrane trafficking protein of the constitutive pathway. Taken together, these results indicated that regulated vesicle transport pathways use homologous proteins to those of the constitutive pathway for membrane trafficking, probably also for membrane fusion at the plasma membrane.
Synaptotagmin
In parallel with the discovery and characterization of VAMP/synaptobrevin, both Südhof and Scheller directed their innovative research towards another interesting protein as well: synaptotagmin. In a paper published in 1990 in Nature, Südhof reported that the cytoplasmic domain of p65, a synaptic vesicle-specific membrane protein with a wide distribution in neuronal and neurosecretory tissue that had been known since 1981 (Matthew et al., 1981) , contained an internally repeated sequence that is homologous to the regulatory C2 region of protein kinase (Perin et al., 1990) . Also, the binding specificity resembled PKC, except that p65 binds calmodulin as well. Using recombinant protein, Südhof showed that the cytoplasmic domain binds acidic phospholipids in a way indicating interaction with the hydrophobic core as well as the headgroups. He concluded that the structure and properties of p65 suggest that it has a role in mediating membrane interactions during synaptic vesicle exocytosis.
One year after Südhofs Nature paper, Scheller published in Neuron the discovery of three p65-related genes in the genome of the electric ray Discopyge ommata (Wendland et al., 1991) . The three genes were expressed in different but overlapping patterns in the CNS. To explore to what degree p65 is conserved during evolution, Südhof then compared structural and functional conservation of synaptotagmin between human, rat, and drosophila. Results from this work demonstrated that p65/synaptotagmin is highly conserved in evolution, compatible with a function in the trafficking of synaptic vesicles at the active zone .
However, Südhof also discovered a different form of synaptotagmin which he called synaptotagmin II, which was homologous to the originally described synaptotagmin I. Both isoforms exhibited the same overall structure, but localization of the protein was different. Synaptotagmin I was predominantly expressed in rostral, phylogenetically younger brain regions, while synaptotagmin II was predominantly expressed in caudal, phylogenetically older brain regions . Südhof carried on with a study of the phosphorylation of synaptotagmin I. The protein was an efficient and major substrate in brain for casein kinase II at conserved sites, leading him to speculate that it had a modulatory role in nerve terminal function .
As noted above, the use of naturally occurring toxins had proved valuable in characterizing the function of VAMP (Link et al., 1992; Schiavo et al., 1992) . Thus, Südhof also utilized the spider venom alpha-latrotoxin to characterize synaptotagmin. This toxin causes synaptic vesicle exocytosis and neurotransmitter release from presynaptic terminals. Südhof reported that alpha-latrotoxin receptor specifically binds to synaptotagmin and modulates its phosphorylation (Petrenko et al., 1991) . Direct interaction between the receptor and synaptotagmin suggested an important role of the latter in neurotransmitter release.
As had been known since the sixties (Katz and Miledi, 1970) , the vesicular release of neurotransmitter was dependent on a calcium signal. It was evident then, that a molecular description of regulated synaptic exocytosis would have to incorporate a link between calcium and the protein machinery handling the vesicles. Evidence of such a link was provided when Südhof, in collaboration with Reinhardt Jahn, showed that the cytoplasmic domains of synaptotagmin binds calcium at physiological concentrations in a complex with negatively charged phospholipids (Brose et al., 1992) . This important discovery indicated that synaptotagmin acts as a cooperative calcium receptor in exocytosis.
Continuing their productive scientific sparring, Scheller supported these findings in January 1993 when he used PC12 cells to show that regulated secretion was reduced by injecting antibodies to synaptotagmin, or by injecting a soluble fragment of synaptotagmin encompassing one of the C2-like domains . These results provided further support for the hypothesis that synaptotagmin plays a crucial role in regulated exocytosis.
One month later, Südhof published that synaptotagmin binds to alpha-and beta-neurexin, synaptic proteins that help glue pre-and post-synaptic neurons together. The authors used affinity chromatography of brain membrane proteins on immobilized synaptotagmin to show that the proteins bind in a Ca 2ϩ -independent manner . They speculated that such an interaction could have an important role in the docking and targeting of synaptic vesicles in the nerve terminal.
In order to determine the role of synaptotagmin as a Ca 2ϩ sensor in synaptic vesicle exocytosis, Südhof generated mice carrying a mutation in the synaptotagmin I gene. Characterization of these mice showed that synaptotagmin is not essential for asynchronous or Ca 2ϩ -independent release, but that its function is required for Ca 2ϩ -dependent synchronous neurotransmitter release. Synaptotagmin I was shown to be the main low-affinity Ca 2ϩ sensor mediating Ca 2ϩ regulation of synchronous neurotransmitter release in hippocampal neurons (Geppert et al., 1994) .
Later on, Rothman reported that ␤-SNAP binds synaptotagmin and recruits NSF, indicating that the complex may link the process of membrane fusion to calcium entry by attaching ␤-SNAP to synaptotagmin (Schiavo et al., 1995a) . In 1996, Scheller suggested the existence of both calcium dependent and independent roles of synaptotagmin in regulating synaptic vesicle release and/or recycling (Kee and Scheller, 1996) . He showed that synaptotagmin binding to syntaxin 1A was decreased in the presence of calcium. On the other hand, they also found that a fragment of synaptotagmin containing the first C2 repeat showed calcium-dependent binding to syntaxin.
SYNAPTIC PLASMA MEMBRANE VESICLE RECEPTOR Syntaxin
In spite of the groundbraking research by Rothman, Scheller, and Südhof on cytosolic and vesicle proteins, a pair of crucial links was still missing in early 1992 in order to arrive at a more complete molecular understanding of synaptic transmitter release. However, in July that year Scheller and co-workers isolated proteins, called syntaxins, which would soon become known as the principal synaptic target-SNAREs (Bennett et al., 1992) . They showed that syntaxins interact with synaptotagmin. They were expressed only in the nervous system and were concentrated on the plasma membrane at synaptic sites. He concluded that syntaxins may function in docking synaptic vesicles near calcium channels at pre-synaptic active zones. However, 2 months earlier, a Japanese group headed by Akagawa had published a study where they identified an antibody antigen, which they called HPC-1. The protein was localized in central nervous tissue, inserted in the plasma membrane of neurons (Inoue et al., 1992) . The protein is identical to syntaxin 1A, but the study did not hint on its function in synaptic vesicular release. One year later, Scheller identified a family of syntaxinrelated proteins from rat brain (Bennett et al., 1993) . Results from this work suggested that syntaxins are a family of membrane-inserted receptors for intracellular transport vesicles, and that each target membrane may be specified by a specific member of the syntaxin family.
SNAP-25
Regardless of the intense research activities by Rothman, Südhof, and Scheller, Michael Wilsons lab, at the Research Institute of Scripps Clinic, was the one that identified what was eventually to be identified as the third SNARE protein: SNAP-25 (Oyler et al., 1989) . Wilson and his co-workers isolated and characterized cDNA clones of a neuronal-specific mRNA encoding a 25-kDa synaptosomal protein. They used protein fractionation, and light and electron microscopic immunocytochemistry, to explore the localization of this protein. SNAP-25 was highly concentrated within the pre-synaptic terminals of hippocampal mossy fibers and the inner molecular layer of the dentate gyrus. The mRNA was enriched within neurons of the neocortex, hippocampus, piriform cortex, anterior thalamic nuclei, pontine nuclei, and granule cells of the cerebellum (Oyler et al., 1989) . However, the SNAP-25 polypeptide lacked a hydrophobic stretch of residues compatible with a transmembrane region. The authors concluded that association of the protein with pre-synaptic elements and the distribution of the SNAP-25 mRNA indicated that SNAP-25 may play an important role in synaptic function. Exactly which function, however, was not clear until 4 years later.
In September 1993, Jahn in collaboration with Südhof and Niemann, revealed that inhibition of transmitter release from synaptosomes caused by botulinum neurotoxin A (BoNT/A) is associated with the selective proteolysis of SNAP-25 (Blasi et al., 1993) . However, this study was published only 2 months before a very similar work from Montecucco's laboratory, with Michael Wilson as co-author (Schiavo et al., 1993) . This essential discovery was crucial to identify SNAP-25 as another component of the putative fusion complex mediating synaptic vesicle exocytosis. Two years later, Montecucco and Scheller published a similar study, demonstrating that botulinum neurotoxin type C cleaves and inactivates the third SNARE, syntaxin (Schiavo et al., 1995b) .
THE SNARE COMPLEX
The single most important breakthrough in the understanding of synaptic vesicle membrane fusion was presented in two articles in 1993. The first was a Nature paper published in March by Rothman and his coworkers (Söllner et al., 1993b) , while Rothman, Scheller and their associates together published the second one in November in Cell (Söllner et al., 1993a ). Rothman's laboratory performed an affinity purification procedure where they used NSF and SNAP to extract SNAP receptors (SNAREs) from brain homogenate. Three proteins were purified and subsequently identified: SNAP-25, VAMP-2, and syntaxin (Söll-ner et al., 1993b) .
Results from these experiments indicated that NSF and SNAPs might be universal components of a vesicle fusion apparatus, in which the SNAREs ensure vesicle-totarget specificity. All three of these proteins had previously been shown to be either synaptic vesicle associated (VAMP-2) or membrane associated (SNAP-25 and syntaxin) and would thus be candidates for vesicle-SNAREs (v-SNARE) and target-SNAREs (t-SNARE), respectively. In the second paper, Rothman and Scheller together reported that in the absence of SNAP and NSF, the three SNAREs form a stable complex, and that this complex also binds synaptotagmin. Synaptotagmin, however, may be displaced by alpha-SNAP; these two proteins share binding sites on the SNARE complex (Söllner et al., 1993a) . Rothman and Scheller proposed that synaptotagmin acts as a clamp to prevent the fusion from proceeding in the absence of a signal. They also showed that NSF-dependent hydrolysis of ATP dissociated the complex, separating syntaxin, SNAP-25 and VAMP.
George Augustine, collaborating with Rothman, showed that injection of peptides that mimic the sites at which SNAP interacts with its binding partners inhibit transmitter release, while injection of recombinant SNAPs into the giant synapse of squid enhances transmitter release (DeBello et al., 1995) . These experiments indicated that transmitter release shared a common molecular mechanism with constitutive membrane fusion.
With these papers, the basic mechanisms of synaptic membrane fusion were clarified. The three researchers, as well as others, have since modified them, but the fundamental concepts are still valid. However, at the time, the bona fide functional role of the SNARE complex assembly and disassembly in intracellular vesicle docking and fusion was still under discussion. Rothman, Scheller and Südhof continued to do research in the field to validate their findings and to elaborate on the molecular mechanisms behind vesicle exocytosis. This has become a major field in neuroscience and cell biology, involving both the three researchers as well as a number of other distinguished scientists. In the following, we will look at some core lines of research performed by the three, up until around the year 2000.
CHARACTERIZING AND VALIDATING THE SNARE BINDING REACTIONS
After the landmark papers of Rothman and Scheller (Söll-ner et al., 1993a,b) demonstrating the basic function of the SNARE complex, Richard Scheller went on to further determine the specificity of intracellular transport proposed by the SNARE hypothesis. This was an important question, in order to determine just how critical the SNARE proteins are in the different stages of intracellular and synaptic vesicle docking and fusion. He first reported that VAMP-1 and VAMP-2 specifically bind the acceptor membrane proteins syntaxin 1A and 4 . In a follow-up paper he proposed that the specific associations of VAMP, SNAP-25, and syntaxin mediate docking and that a syntaxin/nSec1 complex regulates formation of these complexes (Pevsner et al., 1994) . A year later he demonstrated the unique domains of syntaxin that were required to form SNARE complexes (Kee et al., 1995) . In parallel with Scheller's work, Thomas Südhof, collaborating with Heiner Niemann in Tübingen, Germany, reported that SNARE proteins bind weakly to each other individually, but in the presence of all three components, there is a dramatic increase in the interaction forces between them after the formation of a stable sodium dodecyl sulfate-resistant complex form (Hayashi et al., 1994) . In binary reactions VAMP-2/synaptobrevin binds weakly to Fig. 1 . Syntaxin exists in a closed conformation that needs to open to initiate core-complex assembly (nucleation). "Zippering" of the four-helix bundle towards the carboxyl terminus brings the synaptic vesicle and plasma membranes towards each other, which might lead to membrane fusion. After fusion, N-ethylmaleimide-sensitive fusion protein (NSF) and soluble NSF-attachment proteins (SNAPs) disassemble the cis-core complexes that remain on the same membrane to recycle them for another round of fusion. From (Rizo and Südhof, 2002) .
both SNAP-25 and syntaxin, and SNAP-25 binds to syntaxin. Toxins attack only the free, but not the complexed SNARE proteins. These data confirm that VAMP-2/synaptobrevin, syntaxin, and SNAP-25 associate in a unique stable complex which functions in synaptic vesicle exocytosis (see Fig. 1 ).
In a next step, Südhof discovered that the complex of VAMP-2/synaptobrevin with the plasma membrane protein syntaxin is required for physiological ␣-SNAP binding. Thus, the authors hypothesized, ␣-SNAP very likely functions at a later stage of the membrane fusion reaction, after the formation of the VAMP/synaptobrevin-syntaxin-SNAP25 complex core (McMahon and Südhof, 1995) .
The regulation of synaptic exocytosis by Ca 2ϩ has been the focus of several crucial studies by Südhof. In 1997, he demonstrated that Ca 2ϩ binds to a C2 domain of synaptotagmin, thereby regulating the interaction with syntaxin. He showed that the interaction is driven by a change in the electrostatic potential of the C2A domain induced by Ca 2ϩ binding (Shao et al., 1997) . The authors proposed synaptotagmin as an electrostatic switch triggering synaptic exocytosis by structural rearrangement of the fusion machinery. In a follow-up paper published the next year, he demonstrates that the C2A domain binds three Ca 2ϩ ions in a tight cluster, all three being required for the interactions of the C2-domain with syntaxin (Ubach et al., 1998) .
Scheller then used the technique of fluorescence resonance energy transfer (FRET) to determine the structural organization of the synaptic exocytosis core complex. He investigated the alignment between syntaxin and VAMP. These two SNARE proteins bound primarily in a parallel arrangement and a coiled-coil structure that was bent rather than fully extended (Lin and Scheller, 1997) . He concluded that the binding of cognate SNARE proteins could serve as the final specificity step before vesicle fusion even while driving the fusion itself.
In a 1998 Cell paper, James Rothman showed that unassembled v-and t-SNAREs are necessary for separated lipid bilayers to form. He reconstituted recombinant v-and t-SNARE proteins into separate lipid bilayer vesicles, this led to assembly of v-and t-SNAREs into SNAREpin complexes bridging the two membranes (Fig. 2) . These SNAREpins were then defined as the minimal machinery for cellular membrane fusion. At physiological temperatures, spontaneous fusion of the docked membranes occurred (Weber et al., 1998) . Docked unfused vesicles could accumulate at lower temperatures, however, and then fuse when brought to physiological temperatures. These observations lead Rothman to propose a model in which binding of SNARE protein-coil domains helps drive the vesicle fusion. In a later paper published in Science, Rothman reported that cells expressing the interacting domains of v-and t-SNAREs on the cell surface were found to fuse spontaneously, demonstrating that SNAREs are sufficient to fuse biological membranes (Hu et al., 2003) .
However, the functional role of the SNARE complex was still in dispute. It had been suggested, partly based on yeast cell or in vitro studies, that SNARE proteins were only indirectly involved in the membrane fusion process (Schekman, 1998) , and that neither the formation, presence, nor disruption of a SNARE complex is essential to Ca 2ϩ -triggered membrane fusion events (Coorssen et al., 1998) . Scheller then used mammalian cells, that is, the PC12 cell line, to further determine the role of SNARE complex formation in membrane fusion. The cells were permeabilized by passage through a ball homogenizer, leaving a crack in the plasma membrane. While the cells largely maintained their functional and structural integrity, the researchers were able to control and manipulate the cytoplasmic contents (Hay and Martin, 1992) . In a 1999 Cell paper, Scheller used this "cracked cell assay" to demonstrate that norepinephrine release could be rescued after botulinum neurotoxin E inhibition by adding a 65 aa C-terminal fragment of SNAP-25 (S25-C) (Chen et al., 1999) . The rescue depended on the continued presence of both S25-C and Ca 2ϩ , and correlated with complex forma- The zippering model for SNARE-catalyzed membrane fusion. Three helices anchored in one membrane (the t-SNARE) assemble with the fourth helix anchored in the other membrane (v-SNARE) to form trans-SNARE complexes, or SNAREpins. Assembly proceeds progressively from the membrane-distal N termini toward the membrane-proximal C termini of the SNAREs. This generates an inward force vector (F) that pulls the bilayers together, forcing them to fuse. Complete zippering is sterically prevented until fusion occurs, so that fusion and the completion of zippering are thermodynamically coupled. (B) Therefore, when fusion has occurred, the force vanishes and the SNAREs are in the low-energy cis-SNARE complex.
From (Südhof and Rothman, 2009). tion. These data fit well with a model where Ca 2ϩ triggers SNAP-25 binding to a low-affinity site, initiating trans-complex formation, that is, a SNARE complex spanning two membranes. He thus proposed that SNARE complex formation is coincident with and drives membrane fusion.
In another study using the potentials of the cracked cell assay, Scheller demonstrated a critical domain of syntaxin for SNARE complex assembly. The H3 domain of syntaxin is prevented from fully joining the complex before the arrival of the Ca 2ϩ trigger. He also found that mutation of hydrophobic residues of the SNAP-25 C-terminal coil that contribute to SNARE core interactions affects the maximal rate of exocytosis (Chen et al., 2001) . Scheller reflected that these results were not fully consistent with the hypothesis that VAMP joins a syntaxin-SNAP25 complex. Instead, they were more consistent with the hypothesis that the syntaxin H3 domain is regulated to fully join a partially assembled SNARE complex to trigger fusion. Regulation of such an assembly process could be the mechanism of modulating secretory processes that underlie changes in synaptic strength.
To investigate the spectrum of SNAREs and their roles in membrane trafficking, Scheller characterized three novel members of the syntaxin and SNAP-25 subfamilies. Syntaxin 17, syntaxin 8, and SNAP-29 were broadly expressed and localized to distinct membrane compartments and played a general role in vesicle trafficking (Steegmaier et al., 1998) . In 1999, however, he hypothesized on the basis of in vitro experiments that SNARE interactions are not selective and that the specificity of membrane fusion is not governed by the interactions between SNAREs (Yang et al., 1999) . He tested the SNARE hypothesis by analyzing potential SNARE complexes between five proteins of the vesicle-associated membrane protein (VAMP) family, three members of the SNAP-25 family and three members of the syntaxin family. All of the 21 combinations of SNAREs tested formed stable complexes. Several lines of evidence, however, have since shown that under in vivo conditions, SNAREs do in fact contribute strongly to the specificity of vesicle fusion reactions.
Firstly, in order to determine the functionality of cognate versus noncognate SNARE complexes in any given fusion process, Scheller decided to study the specificity of SNARE interactions in a functional context. Again using the cracked PC12 cell assay, he showed that exocytosis of norepinephrine from PC12 cells is only inhibited or rescued by specific SNAREs. The known cognate SNAREs for the fusion event (syntaxin-1a, VAMP2, and SNAP-25) were the most effective at inhibiting or rescuing fusion, but in a few cases, similarly localized SNAREs were also able to function, albeit at lower efficiencies (Scales et al., 2000) .
At about the same time, Rothman tested all the potential v-SNAREs encoded in the yeast genome for their ability to trigger fusion by binding with the t-SNAREs that mark the Golgi, the vacuole, and the plasma membranes. Through these experiments he confirmed the SNARE hypothesis: He found that the pattern of membrane flow in the cell is encoded and recapitulated by its isolated SNARE proteins .
The same year, he also explored how the anchoring arrangement of the four helices of membrane proteins in yeast affects their ability for membrane fusion. In yeast, four integral membrane proteins, Sed5, Bos1, Sec22, and Bet1 probably contribute a single helix to form a SNARE complex required for transport from the endoplasmic reticulum to the Golgi apparatus. He reconstituted two populations of phospholipid bilayers vesicles, with the individual SNARE proteins distributed in all possible combinations between them. Fusion occurred only when the v-snare Bet1 was localized on one membrane, and the syntaxin heavy chain Sed5 and the two light chains, Bos1 and Sec22, were on the other membrane, forming a functional t-SNARE. Data from these experiments showed that each SNARE protein is topologically restricted by design to function either as a v-SNARE or as part of a t-SNARE complex .
LEGACY
The SNARE hypothesis has been very influential in organizing our understanding of vesicular transmitter release. The notion that formation of trans-SNARE complexes between two membranes is the key for fusion is now widely accepted, and the activity of SNAPs-NSF is believed to be required for disassembly of cis-SNARE complexes to recycle the SNAREs (Rizo and Rosenmund, 2008) . The collective contribution of the three researchers to our understanding of the core question of synaptic function has been massive. During the last 20 years, they have published more than 600 primary articles or reviews, generating more than 60,000 citations. The landmark paper by Rothman in Nature in 1993 (Söllner et al., 1993b) , where the concept of SNAP receptors, SNAREs, are first outlined, is the single most cited article on the topic of the synapse in the ISI "Web of Science" database. The three Kavli Prize laureates are leaders in the field of the molecular machinery of the synapse. James Rothman has held positions at Stanford University, Princeton University, Memorial Sloan-Kettering Cancer Center, and Columbia University. From 2008 he has been the Fergus F. Wallace Professor at the Department of Cell Biology at Yale School of Medicine. Richard Scheller was professor and Howard Hughes investigator at Stanford University, before joining the leading biotechnology company Genentec in California in 2001. He is now executive vice president for research and early development at the company. He has continued publishing of scientific papers since he joined Genentec. Thomas Südhof was for 21 years a professor at the Univeristy of Texas Southwestern Medical Center. Since 2007 he has been at the Department of Molecular and Cellular Physiology at Stanford University.
